Recent increases in concentrations of dissolved organic carbon (DOC) in lakes and rivers over large regions have been related to both changes in the climate and in atmospheric deposition chemistry. Using a data set of 1041 boreal lakes along a 13u latitudinal gradient, sampled in 1995, 2000, and 2005, and an additional data set of 90 lakes along a 1000-m altitudinal gradient at 68uN, we show that DOC concentrations increase in a nonlinear way along a latitudinal and altitudinal temperature gradient. The nonlinear relation of DOC to increasing temperatures was consistent over space and time. Out of 14 meteorological, catchment, morphometric, and atmospheric deposition variables tested, the variable best explaining this kind of nonlinear pattern was the number of days when air temperatures exceeded 0uC, i.e., the duration of the main growing and runoff season (D T.0 ). Using D T.0 as an input variable, we were able to predict the nonlinear temperature response of DOC concentrations, both spatially (R 2 5 0.90, p , 0.0001) and temporally (R 2 5 0.90, p , 0.0001). D T.0 has an advantage over other variables because it includes the time factor, which is decisive for the duration that biogeochemical processes can take place. We suggest that DOC concentrations in lakes are influenced by climate change and that present temperature increases over Sweden result in an accelerated DOC increase toward warmer geographical regions.
In humic lakes, the pool of organic carbon is dominated by dissolved organic carbon (DOC) imported from terrestrial surroundings. Terrestrial DOC plays a key role in aquatic ecosystems because it affects lake productivity, community structure, and metabolic balances (Jones 1998; Jansson et al. 2000 Jansson et al. , 2007 , the global carbon budget ), the availability of dissolved nutrients and metals (Franco and Heath 1983) , and the thermal structure (Fee et al. 1996) and optical properties of water bodies (Morris et al. 1995) . Recently, an increase in DOC concentrations over large regions in the Northern Hemisphere over the last decades has been observed (Monteith et al. 2007) . Temporal changes in DOC concentrations have been attributed to changes in runoff (Andersson et al. 1991; Schindler et al. 1997; Erlandsson et al. 2008) , temperature (Freeman et al. 2001; Worrall et al. 2004; Evans et al. 2006) , solar radiation (Hudson et al. 2003) , soil moisture (Worrall et al. 2006) , and atmospheric deposition chemistry (Freeman et al. 2004; Evans et al. 2006; Monteith et al. 2007 ). Also, changes in the timing of ice breakup and snowmelt resulting in changes in the spring flood have been suggested to have an effect on DOC changes over time (Hongve et al. 2004; . In general, Mulholland (2003) proposed that concentrations and fluxes of DOC are more strongly related to climate and topography than to internal properties.
Considering that the majority of the climate-related drivers for DOC concentrations in lakes, such as runoff and temperature, show large variations between seasons at northern latitudes, we were interested to see whether temporal and spatial differences in length of seasons might have an effect on DOC concentrations in lakes. We hypothesized that the length of the main growing season, when main runoff events also take place, is a significant predictor for DOC concentrations in lakes, both on a spatial and a temporal basis. To test the hypothesis, we used a data set of 1041 boreal lakes along a 13u latitudinal gradient from three lake inventories in 1995, 2000, and 2005 and related them to climatic, morphometric, catchment, and deposition variables in space and time. In addition, we validated our results by analyzing an independent data set of DOC concentrations from 90 subarctic lakes along a 1000-m altitudinal gradient at 68uN.
Methods
We used water chemical data from the Swedish national lake inventory from 1041 boreal lakes (more than 90% forest in the catchment area and less than 1% agriculture; lake area ranging between 0.02 km 2 and 317 km 2 with a median of 0.28 km 2 ). The lakes were evenly distributed over Sweden (Fig. 1) . Water samples were taken in each lake during the autumn period of 1995, 2000, and 2005 when water temperatures were around 4uC and the water column was fully mixed. Sampling was carried out in the middle of each lake at a depth of 0.5 m. The sampling and analyzing procedure was performed by one and the same certified laboratory. Variables considered in this study for correlation analyses were pH, alkalinity (Alk), conductivity (Cond), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), chloride (Cl), sulfate (SO 4 ), ammoniumnitrogen (NH 4 -N), nitrate-nitrogen (NO 3 -N), total nitrogen (TN), total phosphorus (TP), absorbance at 420 nm of 0.45-mm-filtered water in a 5-cm cuvette (Color), total organic carbon (TOC), and reactive silica (Si). All analyses were done according to standard limnological methods.
For further information on methods and for data from the national lake inventory, see http://www.ma.slu.se.
In addition to the large-scale data material, we used local-scale dissolved organic carbon (DOC) measurements that had been carried out in 90 subarctic lakes along a 1000-m altitudinal gradient (coniferous forest to alpine) at 68uN (Fig. 1) . These data have been previously described in detail by Karlsson et al. (2001) . Sampling was carried out in late summer-early autumn at 1-m depth or as a composite sample (i.e., volume-weighted sample collected from several locations and depths across the lakes). DOC was analyzed following Karlsson et al. (2001) . To compare the two data sets with TOC and DOC data, we converted TOC to DOC by multiplying TOC concentrations by 0.9 (Wetzel 2001) . This method was recently used by Sobek et al. (2007) when they evaluated large-scale patterns and regulation of DOC. For Swedish boreal lakes, it is an appropriate approach since von Wachenfeldt and Tranvik (2008) measured both DOC and TOC concentrations in a variety of Swedish boreal lakes and found very good agreement, where DOC accounted for 97% 6 5% of TOC.
Apart from the lake chemical data, we had available data on lake-specific catchment characteristics such as average annual runoff, air temperature, and precipitation (1961 to 1990) , altitude of the catchment, area of the catchment, % water, forest, sand, and above tree line in the catchment, and on lake morphometry, such as lake area and mean lake depth. Since our data material showed a substantial altitudinal gradient of up to a maximum of 1170 m above sea level, we needed to correct our coarse geographic information system (GIS)-derived temperature data (1961 to 1990) for altitude. According to Livingstone et al. (1999) , we used an altitude correction for the GIS-derived temperature data of 20.6uC per 100 m, corresponding to the wet adiabatic lapse rate. With the altitude correction, we received 19 different temperature zones over which the lakes were distributed, ranging from 211uC to 7uC.
In addition to lake-specific air temperatures, we determined the lake-specific duration of the main growing and runoff season, i.e., the number of days when air temperatures exceed 0uC (D T.0 ), according to the formula described in Weyhenmeyer et al. (2004) :
where T m corresponds to the annual mean air temperature, T a is the annual air temperature amplitude, i.e., the maximum monthly mean air temperature minus the minimum monthly mean air temperature during a year, and d stands for days. To determine D T.0 , we had complete time series of monthly mean air temperatures from 72 sites distributed all over Sweden from 1961 to 2005 available. Since 72 meteorological sites were too few to represent our lake data, we took advantage of the fact that we observed a strong relation between annual mean air temperatures and the annual air temperature amplitudes during 1961 to 2005 (R 2 5 0.50, p , 0.0001, n 5 3168) and determined lake-specific, altitude-corrected D T.0 values by the equation:
where T m corresponds to the lake-specific air temperature data derived after the altitude correction. The results of the simplified Eq. 2 corresponded well to the results of Eq. 1 (Fig. 2) . In addition to complete time series of monthly mean air temperatures, we had complete time series of monthly sum precipitation from 277 sites distributed all over 
Results
By relating all 15 available water chemical variables to total organic carbon (TOC) concentrations in our 3123 water samples, taken from three lake inventories of 1041 Swedish lakes, we found that TOC was best related to absorbance of filtered water (R 2 5 0.81, p , 0.0001, n 5 3123) and second best to total nitrogen (TN) concentrations (R 2 5 0.17, p , 0.0001, n 5 3123). We used TN concentrations to account for atmospheric deposition variations along a latitudinal gradient, since nitrogen concentrations in Swedish lakes best reflect the pattern of atmospheric wet deposition (Weyhenmeyer et al. 2007) . Sulfate concentrations, which can also be used as a proxy for atmospheric deposition, explained only 1% of the variations in TOC concentrations (R 2 5 0.01, p , 0.0001, n 5 3123).
On a spatial basis, TOC concentrations in our boreal lakes were related to latitude and altitude (p , 0.0001). The relation had an exponential character rather than a simple linear one, in particular, at the highest latitudes and altitudes (Fig. 3a,b) . The exponential character became more pronounced when we replaced altitude and latitude by lake-specific annual mean air temperatures (Fig. 3c) .
A TOC dependency on latitude and altitude was expected since all tested climatic (average annual runoff, air temperature, duration of main growing and runoff season, and precipitation of the catchment), morphometric (mean lake depth, lake area), catchment (catchment area, four different land-use variables), and deposition (TN concentrations) variables were significantly related to latitude (p , 0.05) and altitude (p , 0.05). When we took the available climatic, morphometric, catchment, and deposition variables and used them as input variables for a standard least squares model to explain TOC concentrations in Swedish lakes, we found good model performance (R 2 5 0.65, p , 0.0001, n 5 3123), where all input variables except for the catchment size made a significant contribution to the model (p , 0.05). From the input variables, lake-specific annual mean air temperatures and lakespecific D T.0 values turned out to give the most significant results in explaining TOC concentrations in Swedish lakes (nonparametric Spearman's r test, R 5 0.49, p , 0.0001, n 5 3123; Table 1 ). Lake-specific annual mean air temper- atures and D T.0 are by definition linked to each other in a nonlinear way (Eq. 1; Fig. 2 ). We found that TOC concentrations showed the same kind of nonlinear relation to temperature as did D T.0 (Fig. 3c) . As a consequence, there was a highly significant simple linear relationship between D T.0 and TOC (p , 0.0001). Among the climatic, catchment, and morphometric variables, D T.0 turned out to be the most powerful explanatory variable and was simply linearly related to TOC concentrations in Swedish lakes. By converting TOC concentrations to DOC concentrations by multiplying TOC by 0.9 (see Methods), our large-scale results corresponded well to an independent data set of local-scale DOC concentrations available from 90 lakes along an altitudinal temperature gradient at 68uN (Fig. 1) , although the slope of the relation between D T.0 and DOC concentrations was slightly steeper on a localscale compared to large-scale (Fig. 4a,b) . Since the simple conversion from TOC to DOC seemed to provide reasonable results for our Swedish lakes, we used the converted TOC concentrations for further analyses, and we tested whether the results gained from the spatial analysis were transferable to temporal patterns. Based on the results from the spatial basis, we predicted a nonlinear increase in DOC concentrations with increasing temperatures (Fig. 5) . Taking the mean values of DOC and air temperature for three different climatic regions during each of the three years of lake inventories in 1995, 2000, and 2005, we observed the same kind of accelerated DOC concentrations with increasing temperatures (Fig. 5) . Relating the predicted DOC concentrations to the measured DOC concentrations revealed a highly significant relationship (R 2 5 0.90, p , 0.0001, n 5 9). The best prediction was gained for the coldest geographical region with a slope of 1 and an intercept of 21 (R 2 5 0.98, p , 0.05, n 5 3). DOC concentrations in the two other geographical regions were slightly overestimated for the warmest geographical region at southern latitudes of Sweden and slightly underestimated for middle latitudes. The temporal development nicely followed, however, the predicted development, showing the faster DOC response to increasing temperatures in the warmest geographical region (Fig. 5) . Tests of all other variables that showed temporal variations during the 10-yr investigation period, i.e., climatic and 15 water chemical variables, showed that temperature, D T.0 , and color were best at explaining DOC variations over space and time (Table 2) . No relation could be established between DOC concentrations and precipitation, total nitrogen, and sulfate concentration patterns over Sweden (Table 2) .
Discussion
Several studies are available where DOC concentrations across lakes in the Northern Hemisphere were explained by climatic, catchment, and morphometric variables (e.g., Engstrom 1987; Rasmussen et al. 1989; Aitkenhead and McDowell 2000) . On a global scale, previous studies had shown that altitude was one of the most important variables in explaining DOC lake concentrations (Xenopoulos et al. 2003; Sobek et al. 2007 ). The results from the global scale correspond to the results of this study, where altitude also came out as a significant factor explaining DOC concentrations in Swedish lakes. Altitude is a proxy for a variety of variables, such as runoff, air temperatures, and catchment slope, that are known to affect the terrestrial DOC production and the export to lakes and thus in-lake DOC concentrations (Sobek et al. 2007 ). Altitude has, however, the disadvantage that it is an unsatisfying variable when changes over time need to be examined. As outlined in the introduction, changes over time have so far been attributed to changes in runoff, temperature, solar radiation, soil moisture, atmospheric deposition chemistry, and the timing of ice breakup and snowmelt. The question arises how the results obtained from spatial studies can best be combined with the ones gained from temporal studies. Assuming that land use, catchment slope, and lake morphometry are not changing considerably over a relatively short time span, e.g., 10 yr, altitude at a specific latitude can be considered as a proxy for annual mean air temperatures (Ahrens 2005) . Indeed, we found that annual mean air temperatures were related to DOC concentrations in lakes, but this relationship was exponential rather than linear (Fig. 3c) . It is very common for exponential or logarithmic patterns to result when variables are plotted against latitude and altitude because they are proxies for air temperature (Valentini et al. 2000; Xenopoulos et al. 2003; Sobek et al. 2007 ; this study). These exponential or logarithmic patterns might turn into simple linear relationships when latitude and altitude are replaced by D T.0 as shown in this study (Fig. 4) . We found no other variable that was able to reveal a similar significant simple linear relationship to DOC concentrations, not even total nitrogen concentrations from the same water samples, and looking at the global DOC results of Xenopoulos et al. (2003) and Sobek et al. (2007) , no variable was related to DOC concentrations in a simple linear way. D T.0 is a measure of both annual mean air temperatures and the annual air temperature amplitude. D T.0 not only integrates temperature but also timing events, e.g., the timing of ice on and off, snowmelt, spring flood, main biological activity, which are all known to strongly influence DOC concentrations in lakes. In addition, D T.0 reflects continentality, which affects both precipitation and atmospheric deposition patterns. Since we found highly significant relationships between D T.0 and DOC concentrations on local and large scales (Fig. 4) that could be used to predict DOC concentrations on a temporal scale (Fig. 5 ) and since no other variable was equally well related to DOC concentrations (Table 2) , we suggest that D T.0 is a very suitable variable to explain variations in DOC concentrations over space and time.
Our local-scale DOC concentrations showed a slightly stronger increase with increasing D T.0 values than the large-scale DOC concentrations did (Fig. 4) . We believe that catchment slope might have an additional effect on the local-scale DOC concentrations since these concentrations were all gained from lakes of Sweden's steepest mountainous area, where the thickness of organic soil horizons and the degree of waterlogged soils usually decreases. We also found slightly deviating results between spatial and temporal DOC data for lakes located at middle and southern latitudes of Sweden. Many explanations are possible for this phenomenon, one of which is that our lakes are not evenly distributed over all temperature regions, giving a bias when mean values on a spatial and (Fig. 3c) . On a spatial basis, the increasing variability might partly be explained by more heterogeneous catchment areas toward more densely populated southern geographical regions of Sweden. However, since we also get an increasing variability in DOC concentrations with increasing temperatures on a temporal basis (Fig. 5) , parts of the variability increase might be attributed to the fact that even D T.0 increases its variability with increasing temperatures (Fig. 2) . Capture of this high variability with a simple modeling approach as used in this study is unrealistic, which explains why we received best model results for regions with a low variability in DOC concentrations, i.e., regions where annual mean air temperatures remain below 0uC. However, taking regional mean values, we consider our DOC prediction with D T.0 values to be acceptable for warmer geographical regions, both on a spatial and a temporal scale (Figs. 4, 5 ). D T.0 is a nonlinear function of air temperature, since it is described as an arccosine function of air temperature. If air temperature further increases, as is most likely on a global scale (IPCC 2007) , it is probable that we will receive accelerated changes of DOC toward warmer geographical regions, provided that no other changes affecting DOC concentrations will occur. Such accelerated changes toward warmer geographical regions have already been observed for Sweden ) and could be confirmed in this study (Fig. 5) . In a closer look at Monteith's et al. (2007) global DOC data set, there is also a tendency for significant DOC trends to be found in warmer geographical regions. For Sweden, it is predicted that especially winters will become warmer (Kjellströ m 2004) . Warmer winters will result in a shortening of the period with snow and ice cover. The importance of wintertime climatic control on DOC dynamics in lakes has already been identified by Belzile et al. (2002) , Park et al. (2005) , Karlsson et al. (2008), and . From these studies, DOC concentrations are expected to increase along with warmer winters.
We conclude that D T.0 is a suitable measure for DOC concentrations in lakes, showing that DOC is influenced by climate change. D T.0 includes seasonality, which is a factor for biogeochemical processes that influence DOC concentrations. DOC predictions using D T.0 worked well when we used regional mean values, both on a spatial and a temporal scale (R 2 5 0.90, p , 0.0001). Taking each lake individually, however, a variety of additional variables need to be considered for a precise prediction of DOC concentrations, as the roughly estimated variable D T.0 could only explain 24% of the DOC variation. More research is needed to combine results from individual lake studies with the ones from regional lake studies.
